ABSTRACT The Achaete-scute homolog 1 (Ascl1) protein regulates a large subset of genes that leads neuronal progenitor cells to distinctive differentiation pathways during human brain development. Although it is well known that Ascl1 binds DNA as a homoor heterodimer via its basic helix-loop-helix (bHLH) motif, little is known about the conformational sampling properties of the DNAfree full-length protein, and in particular about the bHLH domain-flanking N-and C-terminal segments, which are predicted to be highly disordered in solution. The structural heterogeneity, low solubility, and high aggregation propensity of Ascl1 in aqueous buffer solutions make high-resolution studies of this protein a challenging task. Here, we have adopted a fragment-based strategy that allowed us to obtain high-quality NMR data providing, to our knowledge, the first comprehensive high-resolution information on the structural propensities and conformational dynamics of Ascl1. The emerging picture is that of an overall extended and highly dynamic polypeptide chain comprising three helical segments and lacking persistent long-range interactions. We also show that the C-terminal helix of the bHLH domain is involved in intermolecular interactions, even in the absence of DNA. Our results contribute to a better understanding of the mechanisms of action that govern the regulation of proneural transcription factors.
INTRODUCTION
The development of the human brain during fetal and postnatal stages relies on the rapid division and differentiation of billions of cells with different phenotypes. The proneural basic helix-loop-helix (bHLH) transcription factors contribute to the specification of distinct neural cell fates (1, 2) . Among these, the Achaete-scute Homolog 1 (Ascl1) protein (also known as Mash1) plays a central role in phenotype differentiation of neuronal progenitor cells by regulating the expression of a large subset of genes. The role of Ascl1 in neuronal differentiation has been extensively reviewed, highlighting the importance of its activity (1) (2) (3) (4) (5) . However, little is known so far about its structure and the exact mechanism of regulation.
The Ascl1 sequence comprises 236 amino acid residues and can be divided into three domains: 1) an N-terminal region (residues 1 -121) containing adjacent polyA and polyQ stretches of 13 and 12 residues in length, respectively; 2) a central bHLH domain (6) (residues 122-179) that is responsible for homo-and heterodimerization of the protein, as well as for DNA binding through interaction of positively charged residues (basic region) with the negatively charged DNA backbone (7) ; and 3) a shorter C-terminal region (residues 180-236) rich in Ser-Pro pairs that are conserved among bHLH transcription factors. Phosphorylation through proline-directed kinases of these serine residues contributes to the regulation of Ascl1 activity (8) . Although the bHLH domain and its interaction with DNA has been studied previously by a variety of biochemical and biophysical methods (9) (10) (11) (12) , no high-resolution structural information is available so far for the DNA-free bHLH domain or for the flanking N-and C-terminal regions.
As the structural heterogeneity that characterizes the bHLH protein family has long been known to affect protein solubility, production of stable and soluble samples of Ascl1 is challenging, and a structural description at atomic resolution is still missing. In this work, we present, to our knowledge, the first high-resolution structural data for the N-and C-terminal regions of Ascl1, as well as the bHLH domain in the absence of DNA, based on NMR studies of four different overlapping Ascl1 fragments. Our findings provide important information on the structural features of Ascl1, in particular the presence of three peptide segments with a high propensity for a-helical conformation. Two of these segments are in the bHLH domain and are implicated in DNA binding, whereas the functional role of the third one (polyA/polyQ) remains to be elucidated. The rest of the Ascl1 peptide chain is highly disordered, a feature that favors transient interactions with kinases and other regulatory proteins for fine tuning of the protein's activity.
MATERIALS AND METHODS
Ascl1 cloning, bacterial expression, and production of 13 C/ 15 N labeled samples
Full-length Ascl1 and Ascl1 fragments were cloned in the expression plasmids pDEST17 (Thermo Fisher Scientific, Waltham, MA) or pET21a (Eurofins, Luxembourg, Luxembourg). All constructs were designed to bear a six-residue His-tag. Initial constructs contained a linker region and a TEV cleavage sequence between the His-tag and the protein coding region (see Supporting Material). In later constructs, the TEV-cleavage site was omitted as the TEV protease is not active in the final buffer conditions. All proteins were expressed in Esherichia coli by isopropyl b-D-1-thiogalactopyranoside induction at OD600 ¼ 0.6 for 18 h at 25 C in minimal growth medium M9, which was supplemented with 15 N-labeled NH 4 Cl for full-length Ascl1 and 15 N-labeled NH 4 Cl, 13 C-labeled glucose for fragments A, B, C, and D. The proteins of interest were all found to be expressed as inclusion bodies. To purify inclusion bodies, cell pellets were dissolved in 50 mM Tris, 5 mM imidazole; and 1 mM dithiothreitol (DTT) (pH 8.5), homogenized and sonicated on ice, then ultra-centrifuged. Pellets from ultracentrifugation were dissolved in a buffer of 50 mM Tris, 100 mM NaCl, 1 mM DTT, and 0.2 mM EDTA, supplemented with 25% w/v sucrose (pH 8), then mixed with an equivalent volume of buffer (50 mM Tris, 100 mM NaCl, 1 mM DTT, and 0.2 mM EDTA, supplemented with 2% v/v Triton X-100 (pH 8)). The solution was ultra-centrifuged and the pellet was dissolved in buffer (50 mM Tris, 1 mM DTT; and 0.2 mM EDTA (pH 8)) and ultracentrifuged one last time. The pellet containing the inclusion bodies was finally dissolved in 50 mM Tris, 8 M urea, and 1 mM DTT (pH 8.5)). The presence of the protein of interest was confirmed by sodium dodecyl sulfate polyacrylamide gel electrophoresis (SDS-PAGE). The samples were subsequently incubated with NiNTA beads in binding buffer (50 mM Tris, 8 M urea, 5 mM imidazole, and 1 mM DTT (pH 8.5)) and successfully separated from impurities by elution using a linear gradient of imidazole (from 50 to 250 mM).
The solubility of Ascl1 fragments was tested for different buffers (see the Supporting Material) to identify optimal conditions for NMR studies. Samples were loaded in a dialysis membrane and dialyzed against a 1:30 ratio volume of test buffer. The dialysis step was repeated three times to obtain a dilution factor of 3 Â 10 4 of the initial buffer concentration. Each dialysis step was performed for 2 h at 4 C with gentle stirring. The presence of the protein of interest in the soluble and insoluble fractions was confirmed by SDS-PAGE.
The purified Ascl1 fragments were dissolved in a buffer of 50 mM TrisHCl, 5 mM DTT, and 2 mM SDS (for fragments C and D) (pH 6.5) at protein concentrations varying from 100 to 400 mM and put into standard (or Shigemi-type) 5 mm NMR glass tubes.
NMR experiments
All NMR experiments were recorded on Bruker Avance spectrometers operating at different magnetic field strengths (600, 700, 850, or 950 MHz 1 H frequency) and equipped with cryogenically cooled triple-resonance probeheads (TCI, Bruker, Billerica, MA). A set of three-dimensional (3D) BEST-TROSY HCN and HNN spectra (13) were recorded for sequential resonance assignment, complemented by a sequential HADAMAC experiment for amino acid type identification (14) . 15 N relaxation measurements were performed using conventional pulse schemes (15) for R 1 , R 2 , and heteronuclear nuclear Overhauser effect (HETNOE) experiments. The overall correlation time, related to the size of the particle, was probed by means of a TRACT experiment (16) 15 N-edited pulsed-field gradient echo sequence (17) . Diffusion coefficients, D, were obtained by signal integration over the 1D NMR spectra recorded as a function of the gradient strength, G, and by data fitting to the function I ¼ ÀI 0 expðDðg H dGÞ 2 ðD À ðd=3Þ À ðt=2ÞÞÞ, with d the gradient duration, t the recovery delay after each gradient, g H the gyromagnetic ratio, and D the delay between the two gradient pulses. NMR data were processed using TopSpin 3.2 software (Bruker BioSpin), and were analyzed with the CcpNmr Analysis software (http://www.ccpn. ac.uk/software/analysis). The neighbor-corrected secondary structural propensities were determined using the ncSPC software (http://nmr.chem.rug. nl/ncSPC/). Tables of assigned chemical shifts corresponding to fragments A, B, C, and D were submitted to the Biological Magnetic Resonance Bank (http://www.bmrb.wisc.edu/) with accession numbers 27023, 27024, 27025, and 27026, respectively.
RESULTS AND DISCUSSION
Ascl1 is predicted to be structurally heterogeneous As mentioned before, the primary sequence of Ascl1 can be subdivided into three main regions: the N-terminal region, the bHLH domain, and the C-terminus. A computational analysis of the extent of disorder along the Ascl1 peptide sequence obtained using IUPred (18) predicts that the N-terminal part is highly disordered in solution ( Fig. 1 a) , except for the polyA stretch, which has a high propensity to adopt helical conformation ( Fig. 1 b) , as shown by Agadir (19) calculations. The bHLH domain region is also predicted to be (more) structured, although the helical content predicted by Agadir does not match the requirements to form a stable HLH motif. Finally, no helical elements, either well structured or completely disordered, are predicted in the C-terminal part of the protein, which is expected to be structurally heterogeneous.
The Ascl1 sequence is rich in alanine residues, A (36 residues; 15.3% of the full sequence), polar amino acids such as glutamine, Q (30 residues; 12.7%) and serine, S (25 residues; 10.6%), as well as proline, P (18 residues; 8.1%). These four amino acids make up almost half of the protein sequence. This bias in amino-acid-type composition, combined with the presence of many repeats, e.g., QP, SP, SS, PP, polyQ, and polyA, presents a particular challenge for an NMR investigation of full-length Ascl1.
Design of Ascl1 fragments amenable to NMR studies
First attempts to obtain samples of E. Coli overexpressed full-length Ascl1 that are amenable to an NMR study were unsuccessful, as the resulting 1 H-15 N correlation spectra were of poor quality (Fig. S1 ). We therefore generated a library of Ascl1 fragments designed on the basis of structure/disorder predictions. The rationale for this fragment-based approach is that a series of partly overlapping constructs that cover the whole sequence can be obtained while retaining the structural features of full-length Ascl1. A first set of fragments was generated (Table S1 ), but only a subset thereof showed E. coli overexpression levels compatible with NMR requirements. The set of fragments selected for our subsequent NMR study is shown in Fig. 1 c, and the corresponding NMR 1 H-15 N fingerprint spectra are displayed in Fig. 2 . The polyA -and -polyQ-containing N-terminal region of Ascl1 is covered by fragments A and B, with fragment B extending up to the bHLH domain. Fragment C corresponds to the bHLH domain, whereas fragment D comprises both the bHLH and C-terminal regions of the protein. All fragments were subsequently screened for solubility and NMR spectral quality using a variety of different buffer conditions (Table S2) . As a result, fragments A and B were found to be soluble in a buffer composed of 50 mM TrisHCl and 5 mM DTT (pH 6.5), whereas for the bHLH-domain containing fragments, C and D, addition of 2 mM SDS was required to prevent extensive protein aggregation and to obtain samples suitable for an NMR investigation. Our observations are in line with previous reports on the highly homologous proneural transcription factor neurogenin-1, which was found to be insoluble in all tested buffer conditions (20) . Fragment D has an additional 44-residue N-terminal extension comprising a cleavable His tag that could not be removed due to an inactive TEV enzyme in the SDS-containing NMR buffer. Two-dimensional (2D) 1 H-15 N correlation ''fingerprint'' spectra of all four Ascl1 fragments are plotted in Fig. 2 . The poor spectral dispersion observed in these spectra for all protein constructs is indicative of highly flexible molecules that lack a persistent conformation in solution. The NMR spectra of the different fragments exhibited a better signal/noise (S/N) ratio and improved homogeneity in crosspeak intensities with respect to the full-length protein. In addition, the fragment-based approach allowed individual optimization of the sample temperature at which the series of NMR assignment experiments was performed. The fragment-based approach is validated by the fact that only small variations in chemical shifts were observed for residues that are part of different fragments, except for a few terminal residues that showed increased mobility.
NMR assignments and conformational dynamics in Ascl1
NMR backbone resonance assignments for all four Ascl1 fragments were obtained from a series of 3D BEST-TROSY The N-terminal part of Ascl1 (fragments A and B) contains two homorepeats, the first one comprising 13 alanines in a row (polyA: residues 35-47), and the second comprising 12 glutamines (polyQ: residues 51-62). Despite this high degree of chemical equivalence, both homorepeats could be assigned in a sequence-specific manner. Interestingly, the polyQ segment forms a characteristic pseudodiagonal arrangement of crosspeaks in the two-dimensional (2D) 1 H-15 N correlation spectrum (Fig. 2, A and B) . This feature has been observed before in polyQ-containing proteins (22) and related to the presence of helical propensity in the polyQ segment. Observing such a characteristic crosspeak arrangement therefore provides some structural information even before sequence-specific NMR assignment.
Neighbor-corrected secondary-structural propensities (ncSSP), computed from NMR chemical shifts (23) together with 15 N relaxation parameters (R 1 , R 2 , HETNOE) are plotted in Fig. 3 as a function of the protein sequence. These data provide a comprehensive picture of the conformational sampling properties of the Ascl1 peptide chain. As predicted (Fig. 1) , outside the polyA/polyQ region and the bHLH domain, Ascl1 shows a high degree of conformational disorder, with SSP values <0.3, low order parameters (small or even negative HETNOE values), and decreased R 2 rate constants.
The N-terminal polyA/polyQ region
The polyA/polyQ segment predominantly populates a-helical conformations that are highly stable at the N-terminal polyA side and become more and more flexible toward the polyQ end. Indeed, the SSP reaches its maximum (>0.8) at residues 37-43, in the central part of the polyA segment, suggesting that this fragment plays a key role in stabilizing the a-helical conformation. The polyA segment acts as a seeding point for a-helix formation in the subsequent polyQ stretch that otherwise would be preferentially found in a random-coil conformation (24) . A similar finding has been made recently for the androgen receptor (22) , where the polyQ segment in the N-terminal half of the protein adopts a helical conformation because of the presence of a preceding stretch of four leucine residues that act as a helix-inducer in the polyQ segment. The helical conformation is lost when the four preceding leucine residues are removed (22) . The gradual (almost linear) decrease in helical propensity observed in the polyQ region most likely also explains the characteristic ''pseudodiagonal'' crosspeak pattern observed for these residues. Such a regular pattern is not observed for the polyA a-helical fragment, although crosspeaks are also clustered in a quite narrow spectral region. The 15 N relaxation data (R 1 , R 2 , and HETNOE) confirm that the polyA region adopts a highly stable structure, with HETNOE values close to 0.5 for the region encompassing residues 38-47, which FIGURE 3 NMR data collected for the four fragments of Ascl1, reporting on conformational features (structure and dynamics) along the polypeptide chain. From top to bottom are shown neighbor-corrected secondary structural propensity (ncSSP) values, calculated from the measured 13 C chemical shifts, 15 N R 1 and R 2 relaxation rate constants, and HETNOE intensity ratios. 15 N relaxation data were recorded at 25 C, and the magnetic field strength was 600 MHz 1 H frequency (700 MHz for fragment D). Data measured for the highly flexible terminal residues at the nonnative fragment ends are not shown. All graphs are color-coded to make clear that the underlying data originate from different NMR samples. White (grey) backgrounds indicate that the data have been measured on sampels without (with) detergent. To see this figure in color, go online. rapidly decrease, becoming negative at the end of the polyQ tract.
The DNA-free bHLH domain
Previous studies of bHLH containing proteins have shown that the bHLH domain in the absence of DNA tends to be structurally disordered and aggregation prone, and that a stable dimeric conformation is only induced upon DNA binding (11, 20) . In our hands, the bHLH domain (fragments C and D) of Ascl1 in buffered water solutions either precipitated or yielded soluble protein giving rise to NMR spectra of low quality, most probably due to heterogeneous protein aggregation. Only in the presence of millimolar amounts of detergent (SDS) was it possible to stabilize a homogeneous low-weight conformation that was amenable to NMR investigation. We observe no significant spectral changes when increasing the SDS concentration from 2 mM (below the critical micelle concentration (CMC)) to 40 mM (above the CMC). This indicates that the protein interaction with SDS is mainly of a hydrophobic nature (25) . SDS has the combined effect of disrupting long-range intra-and intermolecular interactions, as well as stabilizing native-like helical structure. Although the presence of SDS is certainly not biologically meaningful, our results may give some insights into the physicochemical properties of this bHLH domain. In the presence of detergent, the bHLH domain adopts secondary structure that is similar to what is observed for DNA-bound bHLH domains (7) . In particular, the second (C-terminal) helix (H2) is formed and rather stable, as can be deduced from SSP values close to 1 and high HETNOE ratios (~0.7). This is consistent with AGADIR predictions that indicate a higher probability of helix formation for this part of the bHLH domain. Our data also indicate that the helix formation extends somewhat beyond the classical definition of the bHLH domain up to residue F184. Residuespecific local correlation times (t c app ) that can be computed from the measured R 2 and R 1 relaxation rates (Fig. 4 a) further indicate the presence of a flexible kink in this helical segment around residues 165-167. The first helix (H1) is structurally less stable, with the highest helical propensity found for residues 138-142. The DNA-binding basic region at the N-terminus also shows some tendency for helical structure, although with significantly lower propensity compared to the other helical elements. The loop region between helices 1 and 2 retains a high degree of local flexibility.
To obtain some information on the oligomerization state of the bHLH domain under our experimental conditions, we performed additional concentration-dependent NMR measurements. A superposition of 1 H-15 N correlation spectra of fragment C recorded at sample concentrations of 100 mM and 10 mM is shown in Fig. 4 b. Interestingly, extensive line broadening upon sample dilution is observed for residues 173-178 toward the end of the C-terminal helix, whereas small peak shifts are observed for most residues in the peptide region comprising residues 155-163 at the N-terminal side of the same helical segment (Fig. 4 b) , and no significant changes are detected for residues in the central part of the helix. The concentration-dependent line broadening and NMR frequency shifts indicate that the C-terminal helix H2 is involved in an intermolecular exchange process, e.g., monomer-dimer equilibrium. We may speculate that the C-terminal end of the helix is the main interaction side, whereas the N-terminal part is involved in more transient interactions. This model also explains the peculiar motional properties observed for this helical segment (Fig. 4 a) . To further characterize this intermolecular exchange process, we measured the rotational and translational diffusion properties of fragment C at 50 C at different sample concentrations (Fig. S2) . Our data show that the average particle size is only very little affected by a 10-fold dilution of the protein solution. These findings point toward a model where a dimeric bHLH domain (with helix 2 at the interface) is in exchange with a minor population of a monomeric species. The population of monomeric bHLH increases by a few percent upon dilution, resulting in NMR peak shifts and line broadening without having a measurable effect on the average tumbling correlation time of the molecules.
We can thus conclude that the main structural features present in the DNA-bound form are already transiently present in the DNA-free bHLH domain: 1) two helical segments that are loosely coupled by a flexible linker; and 2) intermolecular interactions involving the C-terminal ''dimerization'' helix.
The C-terminal serine-and-proline-rich segment
The C-terminal part of Ascl1, which is part of the D fragment, contains a significant number of hydrophobic amino acids, including seven leucine residues, as well as half of the serine residues of full-length Ascl1 (12 out of a total of 25). Among these, five serines are neighbored by proline residues and are likely to be phosphorylation sites for proline-directed kinases (8) . All of these putative phosphorylation sites are located in protein regions that are largely unstructured, thus facilitating interaction with the kinase. Not surprisingly, residues 180-184, which have been shown to adopt a-helical structure as part of the second helix of the bHLH domain (Fig. 3) , lack such S-P motifs. Furthermore, the peptide region comprising residues 205-220, which shows some elongated average conformation in the nsSSP data (Fig. 3) , contains five additional serine residues, which may be involved in posttranslational modifications according to predictions obtained with the NetPhos 3.0 software (26) . It has been demonstrated recently for neurogenin-2 that multisite serine phosphorylation in the intrinsically disordered protein regions inhibits the neuronal differentiation activity of this bHLH-containing transcription factor, and that the number, and not the exact location, of phosphorylated residues is relevant for regulation (27) . Our findings that the S-P sites and other PTM motifs are located in highly disordered regions suggest a similar role of these PTMs also in Ascl1. Interestingly, the second helix of the bHLH domain, extending up to residue 184, is followed by several phosphorylation sites. Given the sizeable dipole moment of a typical a-helical element, phosphorylation at these sites could result in destabilization of this helix and thus provide a mechanism for functional modulation (28) .
CONCLUSIONS
Our NMR study, based on the NMR investigation of four overlapping protein fragments, presents, to our knowledge, the first high-resolution characterization of a proneuronal transcription factor. The overall picture emerging from our NMR data is that Ascl1 forms an extended polypeptide chain lacking persistent tertiary interactions, similar to a string of several loosely coupled peptide segments with a high propensity to adopt a-helical conformation. An example of an Ascl1 conformer with a high degree of secondary structure is depicted in Fig. 4 c. Such a conformer interconverts with many other less structured conformations on a subnanosecond timescale. In the absence of DNA as a binding partner, the helices of the bHLH domain, and in particular the N-terminal helix H1, are only transiently formed, and helix H2 undergoes intermolecular interactions, a feature that influences the binding affinity to the DNA targets. The exact role of the polyA/polyQ helical structure for transcriptional regulation and cell differentiation remains to be established. 
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